specific molecules that are distinctively expressed during murine dental differentiation Bègue-Kirn C, Krebsbach PH, Bartlett JD, Butler WT: Dentin sialoprotein, dentin phosphoprotein, enamelysin and ameloblastin: tooth-specific molecules that are distinctively expressed during murine dental differentiation. Eur J Oral Sci 1998; 106: 963-970. © Eur J Oral Sci, 1998 Dentin sialophosphoprotein [designated DSPP and cleaved into dentin sialoprotein (DSP) and dentin phosphoprotein (DPP)], enamelysin and ameloblastin are each expressed in unique fashions during tooth development. It is possible that these components participate in cell differentiation and the conversion of unmineralized matrix into mineralized structures. In order to delineate the timing and the positioning of these three molecules in a physiological context, we compared their expression profiles by performing in situ hybridization experiments on consecutive sections in developing mouse DSP and ameloblastin transcripts were translated into proteins that were
Odontogenesis and dental cytodifferentiations are ents of predentin and dentin at their apical pole (1). The presence of this newly synthesized matrix highly regulated events that result from sequential and reciprocal epithelio-mesenchymal interactions at the epithelio-mesenchymal interface is associated with events that trigger the withdrawal of preamelo-(1, 2). The transmission of information between these two adjacent tissues during differentiation blasts from the cell cycle and subsequent terminal differentiation of ameloblasts (1). Ameloblasts prorequires either heterotypic direct contacts or matrixmediated cell interactions (3-5). A stage-specific gress through three main developmental stages: 1) presecretory; 2) secretory; and 3) maturation stages inner dental epithelium promotes the terminal differentiation of preodontoblasts into post-mitotic, (6). In a positional sense, the polarization of ameloblasts is correlated with the first appearance of cytologically differentiated odontoblasts (polarized odontoblasts) that progressively become fully predentin, while the secretion of enamel matrix components by ameloblasts is correlated with the differentiated odontoblasts and secrete the compon-presence of predentin components and their proteins: the amelogenins and the non-amelogenin proteins such as enamelins and ameloblastin gressive conversion into dentin. In both situations (dentinogenesis and amelogenesis), the expression (29) (30) (31) (32) . Ameloblastin mRNA encodes an open reading frame of 422 amino acids, predicted as a of specific gene products is required prior to the onset of mineral formation. The presence at the 43.5 kDa secreted (pre-peptide removed ) acidic protein (pI=5.54) rich in proline, glycine and epithelio-mesenchymal junction of a specific network of secreted molecules is believed to participate leucine (31) . A smaller mRNA variant, amelin, derived from the same gene as ameloblastin was directly or indirectly in the biomineralization processes.
simultaneously identified by C  et al. (33) . The resulting proteins (ameloblastin and amelin) are In forming predentin and dentin, odontoblasts secrete a unique set of extracellular matrix ( ECM ) structurally related, and only 15 amino acids present in the NH 2 -terminal portion of ameloblastin macromolecules comprised essentially of type I collagen (7) and non-collagenous macromolecules.
are deleted from the amelin sequence (31, 34) . Using an ameloblastin antibody raised against the Dentin ECM includes molecules that are also found in bone, such as the proteoglycans decorin and COOH-terminal portion, L et al. (35) showed that ameloblastin exhibited a specific expression in biglycan (8), osteonectin (ON ) (9), osteopontin (OPN ) (10), osteocalcin (OCN ) (11), bone sialothe cytoplasm of differentiating and secretory ameloblasts that, unlike amelogenin, remained highly protein (BSP) (12), and dentin matrix protein 1 (Dmp1) (13). At least two distinct proteins isolated expressed as ameloblasts mature. An antibody raised against the entire recombinant amelin reacted from dentin ECM are found only in tooth structures (14): dentin sialoprotein (DSP) (15) and strongly with newly secreted enamel and to a weaker extent with other structures also recognized dentin phosphoprotein (DPP, also called phosphophoryn) (15, 16) . DSP is a 53 kDa sialic acid-rich by the ameloblastin antibody (34) . In addition to ECM molecules, the presence of glycoprotein of unknown function (17, 18) . DPP is a highly phosphorylated protein rich in phosphothe following in tooth matrix have been reported: 1) growth factors (36, 37); 2) serum-derived proserine and aspartic acid. Considerable evidence shows that DPP is involved in initiating early teins (38); 3) lipids (39); and 4) degradative enzymes such as proteinases (40) (41) (42) (43) (44) . Among these apatite crystal formation at the predentin-dentin border (19) (20) (21) . It may also contribute to the latter constituents, enamelysin is a secreted matrix metalloproteinase that is 376 amino acids in length regulation of crystal growth as mineralization in forming dentin proceeds (20, 22) . Immuno-(pre-and pro-peptides removed), has a predicted molecular mass of 42.5 kDa, and does not belong localization and in situ hybridization experiments revealed that DSP is not only expressed by differento the collagenase or the stromelysin families (43) . Northern analysis revealed that enamelysin mRNA tiating and mature odontoblasts, but also by a specific population of ameloblast precursors present is expressed at the early transition and late maturation stages of developing enamel organs, as well as in the inner dental epithelium (23) (24) (25) (26) . Recent studies showed the existence of one transcript (desin pulps, and thus displays a unique tooth-specific, developmentally-regulated expression pattern (45). ignated DSPP1 for dentin sialophosphoprotein) that included DSP and DPP sequences in the 5∞
In the present study, we show a precise comparative analysis of the temporal and spatial distribution and 3∞ regions respectively (27, 28) . In addition, the strict in vivo and in vitro coexpression of DSP of three transcripts specifically expressed during tooth development: DSPP, enamelysin and ameloand DPP has been demonstrated at the transcriptional level, using riboprobes specific for sequences blastin. These three gene expression patterns were also correlated with the histochemical appearance coding for each protein, as well as for the intervening region present between DSP and DPP coding of mineral at the predentin-enamel organ interface. Furthermore, in order to verify the presence of the regions (24) . Taken together, the different studies indicate that DSP and DPP are transcribed as a corresponding translation products at the epitheliomesenchymal junction, experiments utilizing single transcript coding for a single precursor protein that is cleaved into two smaller proteins.
immunohistochemistry and in situ hybridization for DSP and ameloblastin were conducted on adjacent Other tooth-specific ECM molecules are currently known to be expressed during ameloblast tissue sections. differentiation and subsequent amelogenesis. Enamel matrix is composed of two classes of proMaterial and methods Tissues 1 Throughout the text, the abbreviation DSPP designates the mRNA which encodes the combined DSP and DPP transcript.
Serial sections (5-7 mm) of newborn and 4-d-old
The terms DSP and DPP are used to designate individual proteins isolated from dentin ECM.
Swiss mouse heads were prepared in a sagittal
Comparison of the expression of tooth-specific molecules 965 plane, attached on ''superfrost Plus'' microscope Primary antibodies. Polyclonal antibodies to rat DSP were raised in rabbits (17) . Anti-DSP antisera slides (Fisher Scientific, Pittsburgh, PA, USA) and used for either in situ hybridization or immunowere passed successively through two columns consisting of Sepharose-bound 1) high molecular histochemistry. Some sections were stained with the Von Kossa technique (46) in order to correlate weight bone proteins; and 2) a 2 HS-glycoprotein. The unbound fraction emerging from these columns specific labeling with the mineral content of the ECM.
was used for immunolocalization of DSP. Rabbit polyclonal antibodies raised against amino-acid residues 175 to 348 of rat ameloblastin
In situ hybridization were produced using standard procedures (35) . Isolation of purified anti-ameloblastin IgG by Antisense and sense RNA probes were labeled with affinity purification was achieved by using a recomdigoxigenin-dUTP using the appropriate SP6, T3 binant ameloblastin affinity column. or T7 in vitro transcription system (Boehringer Mannheim, Indianapolis, IN, USA). The murine ABC-peroxidase method. After pretreatments (see DSPP and ameloblastin probes have been previabove), tissue sections were incubated for 1 h at ously described (24, 35) . The murine enamelysin 37°C in the presence of the primary antibody cDNA fragment was recently amplified by RT-PCR diluted in blocking buffer; for negative controls, we using total RNA from mouse tooth germs and utilized blocking buffer alone or 10% normal goat degenerate oligonucleotide primers which amplified serum. Sections were rinsed in blocking buffer a cDNA fragment encoding the catalytic domain (20-30 min, 2 times) and incubated for 30 min at (43) . Cryosections were fixed and pretreated as 37°C in the presence of biotinylated, affinitydescribed (47). The RNA probes were diluted at purified anti-rabbit IgG (Pierce, Rockford, IL, 10 ng/ml of hybridization solution (10 mM Tris-USA) diluted in blocking buffer. After two washes HCl, pH 8.0, 50% formamide, 10% dextran sulfate, in blocking buffer of 20 min each, the sections were 12.5X Denhardt's solution, 2X SSC, 0.5% SDS, allowed to react with the freshly prepared biotinyl-250 mg/ml salmon sperm DNA, 5 mg/ml sodium ated avidin-peroxidase complex (Immunopure pyrophosphate) and hybridized overnight at 50°C. ABC peroxidase; Pierce). After two washes in PBS Sections were washed as follows: 1) 2X SSC, 50% of 10 min each, the presence of peroxidase was formamide at 60°C for 90 min; 2) H 2 O for 2 min; revealed by development for 2-5 min in 1 mg/ml 3) RNase T 1 2U/ml (Boehringer Mannheim), 3,3∞-diaminobenzidine (DAB Chromogen tablets; RNase A 20-40 mg/ml (Sigma, St. Louis, MO, Dako, Carpinteria, CA, USA), diluted in PBS and USA) at 37°C for 30 min; 4) H 2 O for 2 min; and containing 0.025% hydrogen peroxide. 5) 2X SSC, 50% formamide at 60°C for 90 min. Detection of a specific signal was carried out using Results a polyclonal anti-digoxigenin antibody conjugated to alkaline phosphatase, according to the manufac-DSPP, enamelysin and ameloblastin mRNA detection in developing teeth turer's instructions (Boehringer Mannheim). The sections were stained with safranin-O (Fisher Using adjacent sections, the expression pattern of Scientific) and examined using bright-field optics.
DSPP transcripts was compared to that of two other tooth-specific molecules, enamelysin and ameloblastin (Fig. 1) .
Immunohistochemistry DSPP transcripts were detected in polarizing odontoblasts and in functional odontoblasts deposPretreatments. Cryosections stored at −80°C were fixed in acetone and washed twice for 10 min iting the extracellular matrix components of predentin-dentin ( Fig. 1A) . In addition, a distinct but each in PBS. Tissues were treated with 0.6% hydrogen peroxide in methanol for 30 min at room weaker signal for DSPP mRNA was detected in presecretory ameloblasts (facing both polarizing temperature to block endogenous peroxidase activity. In order to optimize the accessibility of epiand functional odontoblasts) but not in further differentiated ameloblasts (Fig. 1A) . These obsertopes, the rinsed sections (PBS, 10 min, 2 times) were incubated in 1 mg/ml hyaluronidase (type-I vations are consistent with previous data (23) (24) (25) (26) . In contrast, enamelysin transcripts were detected from bovine testis; Sigma) in PBS for 30 min at 37°C. The sections were rinsed (PBS, 10 min, 2 in both functional odontoblasts (but not polarizing odontoblasts) and the facing ameloblast layer times) and non-specific binding was inhibited by incubation in a PBS-blocking buffer, containing 3% ( Fig. 1B) . Enamelysin mRNA expression was first detected in these two tissues coincident with the bovine serum albumin (bovine fraction V; Sigma), and 0.15% Tween 20 for 2-4 h at 37°C. initiation of predentin formation (see arrow are illustrated by arrows pointing down and up, respectively. The start of mineralization in molars was indicated in both epithelial loops by small white arrows ( E-G). DSPP mRNA was detected in polarizing odontoblasts (pol O), differentiated Od depositing predentin and mature odontoblasts (mO) facing mineralized dentin (A, E, I ). In addition, DSPP transcripts were transiently expressed in presecretory ameloblasts (pam), including preameloblasts (pa) and polarizing ameloblasts (pol A), but were never detected in secretory ameloblasts (Am), preodontoblasts (po), dental pulp cells (DP) or alveolar bone (B). Hybridization for enamelysin was detected at the onset of predentin secretion in Od and pol A, and after mineralization in mO and Am (B, F and J ). Ameloblastin mRNA expressed in po and pol O was detected after predentin deposition in undifferentiated DP cells (see asterisks in C ), pol A and Am (C, G and K ). Details of the epithelio-mesenchymal interface during odontoblast differentiation (I-K ) clearly showed that the three transcripts could be detected in both cell lineages (odontoblasts and ameloblasts) and presented distinct expression profiles. Magnification=A to H: ×17. Bar, 600 mM; I to K: ×42. Bar, 240 mM.
pointing down, Figs. 1B, J ) and before the appearpart of the incisor (see asterisks in Fig. 1C ) . The point at which ameloblastin expression was no ance of mineralized dentin (see wide arrow pointing up, Figs. 1B, D) .
longer detected in the odontoblast layer (Fig. 1C ) corresponded to the position where the initial Ameloblastin mRNAs were expressed in polarizing and functional ameloblasts (Fig. 1C ) .
deposition of predentin took place (see arrow pointing down in Figs. 1C, K ) . Interestingly, although ameloblastin mRNAs were absent from odontoblasts, they were detected in Ameloblastin and enamelysin transcripts followed identical expression profiles in the ameloblast preodontoblasts and polarizing odontoblasts as Figs. 2A-D) . mineralized sites. All three tooth-specific transcripts were coexpressed in polarizing ameloblasts (Figs.
Ameloblastin mRNA and protein were intensively detected in the distal cytoplasm of ameloblasts 1A-C and Figs. 1I-K ) at the position where odontoblast terminal differentiation occurred. The patterns ( Fig. 2C and 2D , respectively). Ameloblastin was deposited extracellularly at the secretory pole of of expression of DSPP and enamelysin transcripts were the same in 3-d-old molars as in newborn differentiated ameloblasts (see arrows pointing at the dentin-ameloblast interface in Fig. 2D ). Neither incisors at corresponding stages of cell development (compare Figs. 1E, F with Figs. 1A, B) .
DSP nor ameloblastin could be detected in peridental tissues (including alveolar bone) or in control Ameloblastin mRNAs, detected in the pulp cells of developing incisor ( Fig. 1C ) , were absent in dental sections. papillae cells of molars at an equivalent state of differentiation ( Fig. 1G) . Using all three toothDiscussion specific antisense riboprobes, no reactivity could be demonstrated in any other tissue, including bone DSP, DPP, enamelysin and ameloblastin are four ECM macromolecules exclusively expressed within (Figs. 1A-C ) , and sense riboprobes hybridized to control sections did not elicit any signal (not the tooth (14, 22, 35, 43) . Our present data showed that these molecules were expressed in early stages shown).
In summary, although DSPP and ameloblastin of dental cytodifferentiation, as well as by later, fully differentiated cells that were actively engaged mRNAs were expressed in both cell types (odontoblasts and ameloblasts) along the epithelioin secreting ECM components. Interestingly, ameloblastin and DSPP, originally considered to be mesenchymal junction, DSPP transcripts were predominantly expressed by differentiated odontobmarkers of differentiation for ameloblasts and odontoblasts, respectively (14, 17, 31), showed lasts, whereas the highest signal for ameloblastin transcripts was detected in differentiated amelobtransient mRNA expression during the early differentiation events in the opposite cell layers. lasts. The labeling intensity for enamelysin mRNA appeared to be similar in differentiated cells located Thus, preodontoblasts (already committed to an odontoblast pathway) expressed ameloblastin tranon both sides of the epithelio-mesenchymal interface.
scripts and presecretory ameloblasts synthesized DSPP transcripts. In each case, these transient mRNA expressions faded coincident with differen-
DSP and ameloblastin expressions in vivo
tiation of the cells and subsequent deposition of ECM molecules. In order to verify that DSPP and ameloblastin transcripts were translated into proteins at the Transient expression in preodontoblasts of markers currently known as ''epithelial'' has also epithelio-mesenchymal junction, immunohistochemistry and in situ hybridization experiments been reported for the ameloblastin variant, amelin (34) and, at the protein level, for amelogenin. The were performed on consecutive sections of 4-d-old mice molars using antibodies and riboprobes amelogenin example however differs from this pattern, since its presence in the odontoblast layer specific for both molecules (Fig. 2) . The data in Fig. 2 show that cells displaying signals for DSPP might result from translocation processes involving endocytosis by the preodontoblasts after secretion and ameloblastin transcripts (Figs. 2B, C ) expressed and secreted the corresponding translaof amelogenins by the facing inner dental epithelium (48) . Except for DSP and DPP, there is little tion products at the epithelio-mesenchymal junction (see arrows in Figs. 2A, D) . Immunostaining information concerning the expression of ''mesenchymal'' markers by the enamel organ. However, of incisors using ameloblastin antibody revealed a weak signal in dental papillae cells that was barely a recent study showed that BSP, secreted during early formation of dentin by odontoblasts (12) was distinguishable from the safranin-O counterstaining and requires further investigation (not also expressed by mature ameloblasts actively synthesizing the enamel matrix, as well as by epithelial shown). DSP was immunodetected in the cell bodies of differentiated odontoblasts, in their cell processes cells present in ameloblastomas (49). In the present study, we have shown ameloblastin transcripts that were present in the tubular dentine (see small arrows in Fig. 2A ) and extracellularly (see arrows along the epithelio-mesenchymal interface, extending from predifferentiation to late maturapointing at the dentin-ameloblast interface in Fig. 2A) . During molar development, DSPP tion stages (34, 35) . Immunohistochemistry and in situ hybridization (mRNA) and DSP (protein) that were expressed in presecretory ameloblasts were very briefly codeexperiments on adjacent tissue sections showed that DSP and ameloblastin are deposited at the secretory tected with ameloblastin (mRNA and protein) at 
pole of the cells expressing the corresponding
The present analysis of the distribution of toothspecific molecules provides an essential tool to transcripts.
Here, transient expressions of tooth-specific delineate the biological functions of these molecules. The molecules studied display distinctive molecules along the epithelio-mesenchymal interface indicates that these ECM proteins may be expression patterns along the epitheliomesenchymal interface, which support the possibilinvolved in cooperation with signaling molecules in processes leading to cytodifferentiation and biomiity of interactions and related developmental functions during dental differentiations and the neralization. Even though the exact role of ECM proteins is unknown, numerous studies have subsequent mineralization processes. implied that epithelium-and mesenchyme-derived
